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APPLICATTONS OF IIMINRESCENCE TECTNIQITES

TO TIE STUDY OF THE LUNAR SURFACE

Raymond T. Greer, Vliadimir Vand and

Jon N. Weber*

Although luminescent emission from most materials
is complex, the application of optical fluorescence as
a complenentary tool for the characterization of
lunar and planetary materials has been advanced by
newly developed, quantitative, non-destructive
analytical technicues. Several specimens, likely to
occur on the lunar surface, have been selected to
derionstrate the variety of information that can be
obtained. Variations in the intensity and wavelength
in the fluorescence spectra of natural materials can
be correlated with chemical composition, and the
distribution of individual mineral components in a
multi-phase assemblage is readily made apparent.

An advantage of exploiting optical fluorescence lies
in its ability to provide quantitative data for

specimens of microscopic size.

x}aterials Research Laboratory, Pennsylvania
State University, University Park, Pennsylvania




Optical fluorescence spectra from many of the
roclt-forming minerals contain information of value
to a variety of investigations of both macroscopic
and aicroscopic polymineralic assemblages. Spectral
analysis is non-destructive and can be used along with
other techniques to study valuable extraterrestrial

samples. Specific applications to the types and sizes

the surface and eventuzlly available to the terrestrial
laboratory, have been chosen to represent and to
deronstrate how the complexities of the luminescent
phenomena can be beneficial. The variations in color
and intensity of the luminescent response can facilitate
positive identification of mineral grains, singly or in bulk
rock specimens, when a particular color (single or
multiple emission band) is associated with the mineral
or phase whose luminescent properties have been evaluated.
EXPERINENTAL RELATIONS CONCHRNED WITH PREDICTING
THE KATURE OF LIB{INISCENT EMISSION

The sensitivity of a luminescent inorganic solid
to chances of composition, structure and atomic
interactions can be an advantage in preliminary surveys

for useful indigenous lunar resources. In additlon,
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the age of the mineral, its mode of formation, thermal
and radiation treatment and other gpecialirzed problens
can be computed under favorable conditionsl.

The criteria for the effective utilization of
ontical fluorescence are baced on extensive laboratory
research on both natural and synthetic inorganic solids.
The majority of natural minerals exhibit luminescent
response that has been highly characterized by synthetic
naterials; the exceptions are few, and of ninor
importance here. Luminescent minerals can be
considered natural phosphors, their analogues bheing
the synthetic luminescent preparationss however, the
natural solids usually exhibit zone fluorescence
which is the effect of non-uniformity of the crystallization
environment and of the trace element distribution.

This difference constitutes an immediate analytical
apnlication in showing compositional zoning, emphasizing
exsolution phenomena, or allowing the investigation of

very small specimens, a2ll of which make conventlonal
separation and analysis by other techniqgues difficult,

or in many cases, not possible. Other contributions

of the techniques may incluce the qualitative identification
of inclusions and the study of the segregation of
impuritiess; the precise determination of phase equilibria
and diffusion mechanisms; or the alteration by oxidation

2-5
or reduction, and vacancy formation .



Correspondingly, investigating the lumincscent

L}
D

enmnmeco of nhaeca nean Tacnm anmant a2
IS it A ~ LA L GO RTINSO R s

0]

stablishes a representative basis to extrapolate

present laboratory analyses, and the demonstrated
interrelations of crystal hosts and lumninescence
activators, to the observations that can be recorded

for other extraterrestrial specimens.

Although the nature of the activating electromagnetic

it P339

or charged particle radiation necessargﬁto stimulate
luminescent emission can be criticaléa;v(for example,
silicates are efficiently excited by 2537 X radiation
since the major absorption band for a sllicate is near
3000 X, whercas sulfides are responsive to 3650 2
radiation), moderate energy electron beams are preferred
as proving more efficient and less damaging to sensitive
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acddition, many of the unique applications and experimental
techniques describced conveniently provide quantitative
analytical information when the specimens are bombarded
by electrons.

Photons and charged particles excite phosphors
to different degrees of luminescence because of differences
in penetration ranges, available energy per particle and
particle densities, and excitation intensities. Photons
loose energy immediately, and charged particles loose

energy in small quantities. When the predominant anions




in a crystal arc oxygen, both the specific host

crvstal and the activator can be important in

]

ieternining if optical fluorescence will be excited
by X-rays or Dby photons of lower energy.

It is 2lso important to emphasize a general
concept that the simple erission band locations and
shapes of luminescent materials are determined by
chemical composition and crystal structure, and are
essentially invariant concerning the type or intensity
of excitation. The spectral emission of both natural
and synthetic phosphors is a function of the system

11-1
paraneters listed in Table 1.

Table 1. Factors Influencing Svectral Distribution
in Natural and Synthetic Inorganic Luminescent
Solids

1. Chemical composition, crystal structure, host
crystal perfection

2.. Impurity concentrations, bond types, effective
valences, coordination numbers, and locations
in the solid

3. Temperature of the solld during luminescence

These factors vermit the effective use of luminescence
as a diagnostic tool, in conjunction with other
analytical methods, for purposes of identification

as well as enhancing and contrasting small differences

in such variables as composition.



A selection of typical silicates has demonstrated
the potential lunar analytical applicationsj; however,
the princinles and intricacies are valid for a large
nunber of natural and synthetic phosnhors. Correlations
and contrasts will be indicated for the bullz specimens,
voviers and individual grains. All three forms of the
specimens can be studied in detail utilizing a modified
electron micropnrobe X-ray analyzer as a precisely
controlled source of moderate energy electrons (30 keV),
as well as applying the inherent analytical capabilities
of the instrument.

The emissions from luninescent solids that are of
immediate interest are X-ray fluorescence, conventional
luminescence, and thermal radiation. The source of

X-ray fluorescence 1s tne electronic transitions in

o

inner compnleted shells of atoms, ylelding X-ray line

spectra which are utilized in conventional electron
microprobe X-ray analysis. The phenomenon of primary
interest for the lunar surface studlies 1s conventlonal
lumninescence vhich arises from two sources: 1. electronic
transitions in inner incompleted shells of atoms,

vielding the visible and near-infrared line spectra
(typically the result of rare earth impurities in the solid),
and 2. electronic transitions in outer shells of atons,
vielding visible and near-infrared band spectra (typical

?or the silicates that will be discussed). The thermal

radiation is of minor interest here; the source 1s the




transitions of atoms vibrating and rotating, and

-

2lectrons undergoing simillar transitions mentioned

above, ylelding infrared band spectra.
CRYSTAL ZOST AI'D ACTIVATOR

sumerous references provide compilations of

the influence of activator ions in a variety of
12, 15-17

host
are the large number of oxygen-dominated host crystals,
such as the silicates of Group II elements (Ig, Ca,

Sr, Ba, Zn, and Cd). These exhibit a characteristic
ultra violet and blue emission band of the comnlex
host crystal anion (radical). This ultra violet and

blue host crystal emission originates in the anion

radicals (for example, In the Si0y tetrahedra in

1
cavTes

e
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such orthosilica Agz 10y,

<t

crystalize with about 0.01 weight & ln, the longer
wvavelength green-to-red emission band is produced.
The Mn-produced enission originates in cation sites
(for example, Mn substituted Mg in magnesium silicate
crystals).

Leverenz explains the host crystal luminescence
process as an excitation transition involving electron
transfer within an SiOu group from one of the four

oxygen atoms to the central Si atom. The resultant

rystals . Of primary selenologic importance
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atoms, until the excited electron on the Si atom
maxes a radiative return to one of the ligand

oxygen atoms. By this model, the principal emitting
aton would be an oxygen, although the entire 8104
group should Dbe involved in the emission process.

Manganese in, for example, MgS8iO, (magnesium

3
nmetasilicate) produces new emission bands at the
exxpense of the original bands of the host crystal.
Incorporation of increasing proportions of ln
activator in MgSiO3 steadlly reduces the luminescence
efficiency of the original 4200 2 band of the host

crystal, and produces a new emission band neaked near

6700 R. Also, higher In concentrations shift the red

lop
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to slightly longer wavelen

w0 b

;> Mn). The 67%0 A (peak) emission band of ¥gSiO3:ln

is attributed to transitions within lin atoms (ions)
substituted for Mg atoms (ions) in regular lattice sites.
Similarly, the 6420 2 (peak) band arises in the orthosilicate,
MgoS10y, sMn. The original host crystal emission band in Mn
activated silicates can be restored by incorporating

Group IVB dioxides (for example, TiO,, Zr0O,, HfO,, and

ThOz). The subsequent intensification of the original

host crystal emission band represents an increase in

cathodoluninescence efficiency. This intensification

~



would be assoclated with about 1 weight % of the
impurities mentionedj otherwise the 810y, groups
( (8103)n chains for the metasilicate mentioned )
are adequate to explain the short wavelength band.

The broad emission bands can be affected by temperature.
In general, above 297 %K, the emission band will
broaden without displacing its peak. Below this
ge, the emisslion band will broaden
and the peak will be displaced to longer wavelengths.
For example, the luminescence spectrum of Mn-activated
magnesium metasilicate at -180 ©C consists of diffuse
bands at W50 and 5250 K and a number of relatively
narrow lines in the red between 6100 and 7000 X, with
a very strong line at 6410 X. At room temperature

Kg8i03:Mn exhibits a red luminescence which peaks near

13
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and magnetic properties of excited and unexcited
luninescent solids can provide information on bond
types, effective valencies, and coordination numbers
of the emitting atoms and the symmetries of the perturbed
crystal flelds surrounding the emitting atoms.

Wnen impurities such as Fe or Ca are substituted
in part for g in MgSiO3 (for example), the luminescence

efficlency of the system decreases, and a larger portion




of the encrry of the inecident excitant beam is
manifested as heat, rather than optical fluorescence.
In adéition, the nresence of inpurity atoms can

displace the original enission band.
CRYSTAL FIELD THIEORY

An abbreviated discussion of the influence
of the presence ol divalent manganese in the
silicate host crystals will clarify the paraneters
which deternine the wvavelength of the emission
maximum in the 6000 = 7000 & range, and will indicate
now this can be useful in contrasting crystal structure
and also the polymorphism of MgSiO3. The emission
spectral displacements represent a sensitive indicator
of structural variations since easily detectable 10 2
disvlacements correspond to approximately 0.01 ev, or
less than 1 % of the energy difference between the
excited and ground states involved in the radiative
transitions. The crystal or ligand field theorylg’ 20
can be productively applied to explain the observed
absorption and emissiog snectra.

White and Xeester * have concisely summarized the
cogent terms and established concepts of crystal field
theory as follows:

The d-electrons of transition metal ions are

subjected to two sets of forces when the ions are
incorporated in a crystal. First there 1s an

\D
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The number and arrangenent of crystal
ield levels 1s determined by the electronic
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by the crystal field splitiing paranecter, Do.
The observed electronie snectra of transition

metal ions arise Trom tr an51u10ns between the

various crystal Tield levels, subject to certain
selecition rules.

re are two forces on the d-electrons
he mnocsibility for either the
1noere»e nic repulsion or the crystel field

to be the donminant Lo&oe. Resvectively, these

are the wealr field and strong Tield cases., In
the weakx field case, the ground state has the

same electronic symietry and spin multinlicity

as the free ion while at the strong field

bouncary there is a crogs-over of lcvels and

a ¢ifferent level becomes the grownd state usually
accomnanied hy a change in spin multipliecity
vhich results in different ﬁGTQofion rules 9pd
thus & totally dif? rent spectruw A weals fiel

usuul“J inplies tishtly bound d- electvon w1oh
elatively 1little interactlon with the coordinating
aolons while strong fields imply a hish degree of
interaction and thus covalent bonding. Ions of
low charge coordinated by oxice anions are
usually describved oy the weal: ficld diarsran
The cnergy level schemes described above can be
computed in a general way for each d-electron
configuration in terms of P and Dg. The calculated
levels for octahedral coordination are known as
Tanabe-Sucano diagrams (Tanabe and Sugano, 1954)
and have been wicely rcprinted, being glven in
both general references cited above and in many
other review articles,

10

field levels Tor each ifree~ion level is char cterized



The emitting level of divalent !n is the
‘Tlg(hG) state. The variation in color emission
from one phosphor to another depends upon the
value of Dqg and the 68 - I+G separation appropriate
to the environment of the divalent Mn ion. The

chief color changes are due to changes in Dg.

Turther modifications of the color of the emitted light

5]

are oprocduced by tine band width in absorption and
emicsion. When the space within the crystal
available to the ion is decreased, the value of
Dq incgeases, and the L+Tlgstate moves to lower

CNEergy .
EXPERIVENTAL

The luzincscent response for several representative

by studying the interrelationships of crystal host,

activator, and impurity by discriminating the wavelength

JaV]

ind intensity of the emission colors, the effect of
impurities, polymorph present, and conditions of

initial formation of the solid, both on a point-by-point
basis (l-micron diameter) and by two dimensional color
raster patterns at different wavelengths for the specimen

surface. A modified Applied Research Laboratories EMX
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nicroprohe X-ray analyzer fecilitated the

investigsation of a number of cathodoluminescent
pnenonena, and nermitted the assembly of quantitative
information for bulll snpecimens, powders and detailed
determinations for individual grains. The observed
correlations and contrasts are consistent with the information
nreviously discussed, and consequently provide
a reasonable basis 1o expect useful information
from studying the lunminescent response and natterns
that can be obtained from lunar surface specimens.

By coupling the standard analytical capabillities
of a microprobe, the associated electronic display
and recording systems, and nonochromator-photomultiplier

nits, several specific types of information can be

"

[

btaineds; these are listed in Table 2.

o]

Table 2. ’*icroprobe Optical Fluorescence
Information

1. Recordings of opntical fluorescence spectra;
simaltaneous monitoring of an element and
the luminescent intensity with the
monocchremator set at a wavelength of
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3+ =Relationships between fluorescence patterns
and conventional X-ray representation of an
area scan

L, Relation of luminescent intensity to
composition within a phase.

b
P




ez
foF
 d
£
S '2
H
£
£

of the system appears in Figure 1, and
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analytical procedures in microprove analysise.
Quantitative information can be obtained in digital

form, or photographically recorded as in the case of an
ontical fluorescence display on an oscilloscope. The
oécilloscope displays correspond to color patterns,
over a

genera
Hiltia

ct
2

el
by the electron bean raster over the sample face, detected
and dlscriminated by the monochromatro-photomultiplier
unit, and projected on the 10 cm x 10 cm oscilloscope
screene. This image is capable of representing a

minimum scan area of about 60 microns by 60 nicrons

ol the sample face, when necessary.

Y

The recording of optical fluorescence spectra

O
}—"
ct
[N

is accomplished by positioning the l-mi

[

electron beam (typically: 30 keV, 0.03 nicroanperes)
at a position of interest on an individual grain or
bulk specimen. The optical fluorescence is then
detected at the nmonochromator-pvhotomultiplier unit.

By varying the nonochromator settings, a complete
emission spectrum of the Tfluorescence can be displayed
on a strip-chart recorder. In addition, the option

exists to simultaneously record the luminescent

13
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intensity (at a particular wavelength) and the
presence of a particular element of interest on a
¢ual-pen strip-chart recorder. In this case, the
specimen 1ls translated under the fixed eleciron

e

tv]

m so that both the optical fluorescence and

~
PR

ray fluorescence signal can be utilized. The

characteristic X-ray lines for varilous elements are

m ~ NT A A
hree curved-cry

and the composition of the sample 1s determined from
the wavelength and intensity of these characteristic

lines.

By sweeping the eleciron beam over a specimen
surface and recording either the X-ray fluorescence
or the ontical fluorescence signal, an image can be

constructed on a synchronized cathode ray tube, and

£
£
j—

-
jol)

hed in less than one secon

’3
D

otogra

'3

he area

[
<

scanned ranges from about 60 microns x 60 microns

to 200 microns by 200 microns. The patterns photographically
recorded selectively delineate the emitting area of the
specimen.and pernit coaparisons of & particular color,
intensity of that color, and any obvious associations

with specific element distributions.
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ror purrosces of correlation studies, the ouantitative

J R R 2 AL S A Y .. [ N - PN PN - .
datd 10 VuvalliCl vy cvrdalilliilug a4 uiiel vl L=idllCIrroll
diliameter positions on the specimen surface. The

information is ascembled by simultaneously recording
the amounts of several elemenis present at that
particular locatlon and the luminescent intensity
(at one monochromator setting). Multivariate

-

.
statisy

(v

'-

. s s , .
cical analytical technigques are then uti

]

to nrocess the quantitative optical fluorescence and
X-ray data collected from the bullt specimens, individual
micron-size varticles and of pre-gselected micron-size
areas of larger mineral grains. Thus, this nondestructive
analysis can be applied tc soil samples, and is of
particular interest when the guantity of specinmens

available for analysis 1s limited.
RESULTS

In the case of bulk specimens, the luminescent
analytical technicue is especially suitable for
studying co-cxisting vhase assemblages, their
reaction interfaces, and the reaction mechanisns.
Figure 2 represents a rezcted interface between
two phases (for cxample, g0 and Enstatite, HgSiO3),
where a third phase hes formed (Forsterite, Kgo5ily).

It has been demonstrated that the phase boundaries

16
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coincide exactly with those displayed by
cathodoluninescence stimulation. In this cranple,
e enstatite exhivited a lavender fluorescent

26,27
?
color (5.0 RP 5/6) s the g0 a blue (5.0 PB 2/6),
and forsterite a brick red (5.0 R 4/8). The forsterite
formed within the original MgC, and along cracks and

grain boundaries indicating & surface diffusion

Indivicdual enstatite grains were separated from
meteorites, and quantities of these grains from the
individual specimens were grouned side-by-side and
stimulated to demonstirate the variation in color
response from specimen to snecimen. The blue-to-red

| e

and the varying shades of purnle fluorescence are

consistent with the relative position and intensity
o)
of the host crysital band (near 4200 A) and the
0

ln-activated band (near 6700 A) as discussed previously.
Studying individual grains appears to be the most
terms of guantilty and quality of
information that can be obtained by the luminescent
analysis technigues. Under the electron bombardment,

separate grains display large variation in fluorescence

[

characteristics which are interpreted by the numerous
relations presented previously. These variations are

nrimarily attributed to differences in crystal structure,

-
w



host, activator concentration, and impurity level;

fa)

niluence of

}-te

in most cases, the one or the variables
overrides the others so that the differences are
irterpretable, and the contrasts useful in
characterizing the particular specimen. For example,
the Trend of luminescent intensity for enstatite
svecinens sevarated Irom achondritic meteorites was

usually greater throughout the visible portion of the

spectrun as compared to that for enstatite snecimens
separated fronm chondritic meteorites. This general

trend is associated with the greater purity of the
achondrites, thus allowing a more efficient energy
conversion to optical Iluorescence. Also, the red
luninescence observed is in agreement with both the
concent of increasing the manganese concentration

in The host crystal increases the intensity in the

}.I.

red emission region, while sirmultaneously decreasing

the host crystal emission in the blue. The observed

~

cecrease in luminescent efficlency in going from

an orthorhonbic enstatite to a monoclinic enstatite svecimen

ot

is consistent with the crystal field theory exnlanation

concerning the enviromnent of the atoms when the

a reduction in the site symmetry. In favorable cases,

- T A
on could be used
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isolate high pressure phases in a mixture, and consequently
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Tigures renresent the kincs of information that can
be meniltored and recorded from an oscilloscope such as:
1. <the quenching effect of Fe and Ca on luminescent

enission (FPe: Tigure 3a and 3b) (Ca: TFigur

cure 3a victures the Fe distribution over a
specinen surface obtained from the Abee clinoenstatite
chondrite netsorite. By conparing Figure 3b, which
isplay of 492 nm, the quenching
fect of Fe is indicated. The darlk areas in Figure 3b
represent the effect of aress of high Fe.

Similarly, Figure &+ demonstrates the guenching

2. The vhotograph represents the color

cdisplay of 621 nm for the Blithfield enstatite

chonérite specimen, where the higner-Ca nyroxene

and the loyer-Ca pyroxene areas are contrasted by toe

lack of luminescent response for the higher-Ca areas.
In Figure ‘&, the specimen current image outlines

the svecimen grain obtailned from the Khairpur enstatite

chonérite meteorite. Figure 5b indicates the blue,

491 nn, color distridbution for the same grain. Figure Sc

20
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Figure 3a. ©Te K  distribution (Abee meteroite:
200 microns x 200 microns).
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Figure Sa. Snecimen current image (
200 nicrons x ”OO microns,

airpur neteorite:
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Figure 5b. %91 nm color disnlay (lhairpur meteorite:

200 microns x 200 microns).
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¢ire hilgher-Ca vpyroxene luninesces in the blue region
of the spectrum, but not in the red. The low-Ca pyroxene
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1id solution are sharply contrasted,

) 28,29

and esiablish a frozen in record of the temperature

of equilibrium crystallization.
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Classification of materials into broad types
trrough telesconic, in situ, or laboratery application
of luminescence can be of considerable utility in

The evaluation and eventual exploitation of

incdigenous resources, Such information nay ve anplied
K - e e . o B ) ~ oy )
in an elrort to delineate the origin, character and

ertent of the lunar surface material profile, to
, and to the understanding

o the topogravhic conditions under which a lunar soil

co evaluate the inmportance
age centers which are creacted in luner surface

material by exposure To long neriods of irradiation.
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